comparison with normal subjects. Conclusions: A varied spectrum of alterations in SC function remains in all subjects who have recovered from leprosy, but the spectrum of SC functional abnormalities varies with disease subtype.
of epidermal permeability barrier function [11] [12] [13] [14] [15] [16] . The acidic pH of SC serves as a type of functional superregulator, influencing epidermal permeability barrier homeostasis, desquamation, skin infections, initiation of inflammation in the skin, antimicrobial defense production and primary cytokine release [17] [18] [19] [20] [21] [22] . SC functions are also regulated by a variety of local and systemic signaling mechanisms. For example, the epidermal calcium gradient and cytokines are critical regulators of epidermal lamellar body secretion, lipid synthesis and DNA synthesis [23] [24] [25] [26] [27] . Not only changes in barrier function, but also a number of environmental stressors, such as increased psychological stress, can alter epidermal structure and function [28] [29] [30] .
Leprosy is caused by Mycobacterium leprae, a bacterium that attacks both the skin and the peripheral nervous system. Both residual hyperpigmentation or hypopigmentation and reduction or loss of cutaneous sensory function (anesthetic lesions) can remain in treated leprosy patients [31] [32] [33] [34] . Moreover, xerosis is a prominent feature of treated leprosy, a feature that can become ichthyosiform in some subjects [35] [36] [37] . A reduction in epidermal proliferative activity, as measured by thymidine incorporation, has been observed in lepromatous leprosy, and a decreased SC sphingolipid content has been found in leprosy lesions, which further points to potential changes in epidermal function in leprosy [38, 39] . However, epidermal function has not yet been assessed in either active or microbially cured leprosy lesions.
Clinical cure in leprosy means only that subjects are free of the causative pathogen. Yet, in most subjects who have recovered from leprosy, some structural and functional alterations, such as deformities, localized anesthesia and dyspigmentation remain, and even worsen [40] [41] [42] [43] . Even bone lesions have been reported to progress for years after termination of treatment, and lepromatous granulomas can persist in cured leprosy subjects [44, 45] . Clinically, the skin tends to be drier in cured leprosy than in normal subjects. Moreover, cured leprosy subjects may have persistent ulcers [46, 47] . In addition, leprosy patients generally experience increased psychological stress [48] , which in turn could compromise epidermal function [29] , especially in regions where subjects are restricted to remote rural areas and deprived from social activities. All these problems suggest that persistent alterations in SC function could occur in microbially cured leprosy subjects, which would predispose these patients to ongoing and diverse clinical complications. Accordingly, we measured epidermal functions, including basal transepidermal water loss (TEWL), barrier recovery rates, SC hydration and skin surface pH in cured leprosy patients. We identified multiple alterations in SC function in cured leprosy subjects, which could both complicate rehabilitation.
Subjects and Methods

Experimental Subjects
A total of 29 normal control subjects, aged 66-88 years (10 males, 19 females), and 43 subjects, whose forearms had previously been involved in leprosy and who had recovered from leprosy, aged 49-86 years (31 males, 12 females), were enrolled in this study ( table 1 ) . The leprosy cases included multiple lepromatous (LL), borderline lepromatous (BL), borderline (BB), borderline tuberculoid (BT) and tuberculoid (TT) types ( table 1 ), which were determined by both histology and clinical symptoms when patients were first admitted to the leprosy control center located in a remote rural area. Control subjects had no skin disorders nor systemic diseases such as diabetes and renal disease, which could influence epidermal function. In addition, skin care products were not applied to measurement sites for at least 24 h, and no soap wash, which could affect SC pH, hydration and barrier function, for at least 4 h prior to skin measurements. All human research procedures were conducted according to a protocol approved by the local human ethnical research committee (Dalian Skin Disease Hospital, Liaoning, PR China).
Functional Studies
Skin surface pH, TEWL, and SC hydration were measured on the forearm (flexor side, about 10 cm above wrist) with a CourageKhazaka MPA5 (CK Electronic GmbH, Germany), as described previously [48, 49] . In addition to baseline readings, TEWL was measured at 0 and 3 h after acute barrier disruption by repeated tape-stripping to assess barrier recovery. Before all measurements were taken, subjects rested for 30 min in a temperature-controlled room (22-24 ° C), with a relative humidity of 45-55%. These studies were performed in early December. 133 Statistics A two-tailed Student's t test was used to determine the significance between 2 groups, and a one-way ANOVA was used to determine the significance when 3 or more groups were compared. Data are expressed as means 8 SEM.
Results
Competent or Supernormal Barrier Function in Subjects Who Had Recovered from Leprosy
To determine whether epidermal permeability barrier function is abnormal in cured leprosy, we first measured basal TEWL. Basal TEWL was significantly lower in the cured leprosy group as a whole than in normal controls ( fig. 1 a; p ! 0.0001), but basal barrier function did not differ significantly from normal controls in BT and TT cases ( fig. 1 b) . However, the TEWL in BL, BB and LL types was significantly lower than in normal controls ( fig. 1 b; p ! 0.01), and basal TEWL was also significantly lower in BL and BB types than in TT type subjects ( fig. 1 b; p ! 0.05). These results show that basal permeability barrier function varies according to the prior type of leprosy. Although cured leprosy subjects showed competent or superior basal permeability barrier function, we next determined whether barrier recovery kinetics differed among cured leprosy and normal subjects. In contrast to basal barrier function, there were no significant differences in barrier recovery kinetics among cured leprosy and normal subjects ( fig. 2 ) .
Reduced SC Hydration in Subjects Who Had Recovered from Leprosy
Clinical observations suggest that the skin of cured leprosy subjects is drier than normal. Hence, we next No difference in barrier recovery rate between cured leprosy and normal subjects. Barrier disruption was achieved by repeated tape stripping, and the TEWL was measured immediately after tape stripping and 3 h after barrier disruption. a Barrier recovery rate in normal and cured leprosy subjects. b Barrier recovery rate in subjects with various types of leprosy. measured skin capacitance, an indicator of SC hydration. In contrast to basal permeability barrier function, which was supernormal in some cured leprosy subjects, SC hydration was significantly subnormal in cured leprosy as a whole compared to normal subjects ( fig. 3 a; p ! 0.0001). Moreover, BL, BB and LL types, which showed the best basal barrier function among the 5 subtypes, displayed the lowest SC hydration ( fig. 3 b; p ! 0.01 vs. normal), but SC hydration did not differ significantly among the 5 leprosy subtypes. Finally, SC hydration in BT type leprosy did not differ significantly from normal subjects ( fig. 3 b) . These results suggest that SC hydration is impaired in most cured leprosy subjects.
Increased Skin Surface pH in Subjects Who Had Recovered from Leprosy
We next assessed skin surface pH in cured leprosy subjects. Skin surface pH was significantly elevated in the cured leprosy group as a whole ( fig. 4 a) and in all subtypes of leprosy ( fig. 4 b; p ! 0.01 ). Yet, in contrast to permeability barrier function and SC hydration, there were no significant differences in skin surface pH among the 5 subtypes of cured leprosy.
Discussion
The importance of epidermal protective functions is well appreciated [49] , and measurements of SC function can be an indicator of the clinical status of skin disease [50] , but little is known about SC function in leprosy subjects. Here, we examined epidermal permeability barrier function, skin surface pH and SC hydration in 5 different subtypes of microbially cured leprosy subjects. Our results demonstrated that the SC hydration was significantly lower in cured leprosy subjects although their barrier function was competent. Interestingly, BT and TT cases showed better SC hydration in comparison with LL, BL and BB subjects. Regarding the mechanism by which SC hydration was reduced, defective sweat gland function is likely to be a key contributor. It has been demonstrated that the sweat gland response to stimulation was altered in active leprosy lesions [51] [52] [53] [54] . In addition, a reduced content of water-soluble, osmotically active components has been found in the SC of active leprosy patients [55] . But whether these alterations persist in microbially cured leprosy subjects is not known. Furthermore, SC lipids, especially sphingolipids, are important regulators for SC hydration [56] . It has been shown that the SC sphingolipid content declines in leprosy patients [39] . Decreased SC hydration could have a significant impact on cutaneous function. It has been demonstrated that lower SC hydration alone can increase epidermal DNA synthesis and amplify epidermal proliferation induced by repeated barrier abrogation [11, 57] . Conversely, topical moisturizers reduce epidermal proliferation and decrease epidermal thickness in both photodamaged skin and psoriasis [12, 58] . Moreover, decreased SC hydration could increase cytokine release [59, 60] , which in turn could exacerbate cutaneous inflammation, thereby complicating rehabilitation in leprosy. Thus, increased epidermal proliferative activity and epidermal thickness in leprosy might result from the decreased SC hydration. Hence, improving SC hydration could be a valuable treatment option for patients with microbially cured leprosy.
The present study also showed higher skin surface pH in cured leprosy in comparison with normal subjects. In contrast to SC hydration, skin surface pH did not vary between the leprosy subtypes. However, the basis for the elevation of skin surface pH is unknown. Whether there are alterations in epidermal Na + /H + exchanger isoform 1 and/or secretory phospholipase A, which both have been shown to regulate SC pH [61] [62] [63] , is not clear. Regardless of causes, if pH increases sufficiently, this change could have dramatic adverse effects on cutaneous structure and function, such as epidermal permeability barrier homeostasis, SC integrity as well as keratinocyte differentiation [10, [17] [18] [19] [20] [21] 64] . Maintenance of SC pH at optimal levels could be a valuable approach to improve cutaneous function in cured leprosy patients.
In summary, our results demonstrate that there are alterations in SC function in cured leprosy subjects. Treatment strategies that improve SC function should be considered in cured leprosy subjects.
